Coordinates and structure factors are deposited in the Protein Data Bank with accession code 6GOL. All other relevant data are within the paper.

Introduction {#sec001}
============

With the annual epidemics causing 3 to 5 million cases of severe illness and up to 650 000 deaths per year human influenza virus remains a significant health and economic burden worldwide (WHO 2018: <http://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal>)) \[[@pone.0204776.ref001]\]. Apart from the seasonal epidemics which are caused by antigenic drift of influenza viruses, the introduction of novel virus variants from the zoonotic pool via antigenic shift can result in viruses capable of initiating human pandemics \[[@pone.0204776.ref002]\]. In the past hundred years, four influenza pandemics have spread in the human population \[[@pone.0204776.ref003]\], the deadliest of them being the 1918 influenza pandemic when the mortality reached up to 50 million cases \[[@pone.0204776.ref004]\]. Some avian influenza strains, such as H5N1, H7N9 and H6N1, represent a risk that if they become transmissible among humans new pandemic influenza strains will emerge inducing even more devastating effects to the public health \[[@pone.0204776.ref005]--[@pone.0204776.ref007]\]. Rapid diagnostics can speed up the treatment decreasing the spreading of the influenza virus and is one of the key components of pandemic preparedness.

Influenza virus hemagglutinin (HA) is the major surface antigen of the virion and the primary target of virus neutralizing antibodies (Abs) \[[@pone.0204776.ref008]\]. HA is a homotrimeric surface glycoprotein, with each monomer consisting of two disulfide-linked subunits (HA1, HA2), resulting from the proteolytic cleavage products of a single HA precursor protein. The HA1 chain forms a membrane-distal globular head and a part of the membrane-proximal stem region. The HA2 chain represents the major component of the stem region \[[@pone.0204776.ref009]\]. The head of HA mediates receptor binding while the membrane-anchored stem is the main part of membrane fusion machinery \[[@pone.0204776.ref010]\]. Neutralizing Ab responses are mainly targeted to the immunodominant head domain of HA \[[@pone.0204776.ref011]\]. However, because of the high genetic plasticity of the head region epitopes \[[@pone.0204776.ref012]\] Ab responses are strain-specific and lack broad cross-reactivity with different HA subtypes \[[@pone.0204776.ref011]\]. In contrast, sequence and structure of the subdominant HA stem are much more conserved across different influenza subtypes and broadly neutralizing Abs against this domain are considered promising therapeutic tools against various influenza virus strains \[[@pone.0204776.ref008]\], \[[@pone.0204776.ref013]\]. Indeed, there are some Abs known that cross-react with HA stem from all influenza A subtypes \[[@pone.0204776.ref014]\] or even with HA stem from both influenza A and B viruses \[[@pone.0204776.ref015]\].

One of the most conservative HA stem regions is a 55 amino acid (aa) long alpha helix (LAH) which is currently under intensive investigation as a potential universal influenza virus antigen \[[@pone.0204776.ref016]--[@pone.0204776.ref017]\]. Recently, we demonstrated that the LAH, as well as its N-terminally extended variant (72 aa), incorporated into hepatitis B virus core (HBc) particles is highly immunogenic in mice \[[@pone.0204776.ref018]--[@pone.0204776.ref019]\]. Expression of the extended LAH antigen in *Escherichia coli* resulted in efficient synthesis of a soluble product. We purified and crystallized the protein and determined its three-dimensional structure, revealing formation of an α-helical trimer (referred to as tri-stalk protein) highly similar to the corresponding region of native HA in its post-fusion form.

We have developed an in-house indirect ELISA using the HA tri-stalk protein as immobilized antigen to evaluate HA stem-specific Ab levels in mice and human sera. In addition, tri-stalk protein was successfully used in an enzyme-linked immunospot (ELISPOT) assay to estimate numbers of HA stem-reactive Ab-secreting cells in mice. To extend the previous study \[[@pone.0204776.ref020]\] and examine the level of pre-existing Abs in this population, our in-house ELISA was used to test human sera pool collected from people with direct occupational contacts to swine before the pandemic H1N1/09 virus had spread to Western Europe. Our results show that 70% of these pre-pandemic sera are positive for group 1 HA stem-specific Abs. In addition, the levels of HA stem-specific Abs have positive correlation with the corresponding IgG titers and neutralizing activities against pandemic H1N1/09 virus. Taken together, we have demonstrated that the novel HA tri-stalk protein is a useful tool for evaluation of HA stem-specific immunity in both mice and humans.

Materials and methods {#sec002}
=====================

HA tri-stalk protein {#sec003}
--------------------

The tri-stalk protein encoding HA amino acids 403--474 of the pandemic strain A/Luxembourg/43/2009(H1N1) was PCR-amplified and cloned in the pETDuet-1 vector (*Novagen*) using *Nco*I and *Bsp*TI restriction sites. The construct was expressed in *Escherichia coli* BL21 (DE3) cells using a standard protocol (<https://assets.thermofisher.com/TFS-Assets/LSG/manuals/oneshotbl21_man.pdf>). Briefly, cells were cultivated in 2×TY medium in Erlenmeyer flasks under continuous shaking (200 rpm) at +37°C. When optical density OD~A540~ = 0.6--0.8 was reached IPTG was added to a final concentration of 0.1 mM. After another 3 h, the cells were collected by low-speed centrifugation and stored at -20°C until use.

For purification of the antigen, the cells were disrupted in lysis buffer A containing 20 mM Tris HCl, pH 8.0, and 100 mM NaCl (6 mL of buffer per 1 g of cells) by sonication. The soluble fraction was isolated by centrifugation (18,000 × *g*, 30 min). The supernatant was subjected to thermal treatment for 30 min at 55°C and centrifuged again. The soluble fraction was applied to a weak anion exchange HiPrep 16/10 DEAE FF column in buffer A. Bound protein was linearly eluted (4 mL/min) with buffer B (20 mM Tris HCl, pH 8.0, 1 M NaCl) in 3 column volumes (CVs) until concentration of 0.6 M NaCl was reached. Selected fractions were pooled, diluted twice with 20 mM Tris HCl, pH 8.0, and applied onto a strong anion exchange column MonoQ 5/50 GL in buffer A (1 mL/min). Column-bound proteins were linearly eluted with buffer B in 10 CVs until concentration of 0.5 M NaCl was reached. Finally, protein was subjected to size exclusion chromatography on a Superdex 200 10/300 GL column in 20 mM Tris HCl, pH 8.0, 200 mM NaCl at 0.5 mL/min. All runs were performed at room temperature and monitored using the ÄKTA FPLC chromatography system (Amersham Biosciences). Purified HA tri-stalk protein was aliquoted and stored at -20°C until use.

Crystallization and structure determination {#sec004}
-------------------------------------------

Prior to crystallization, purified HA tri-stalk protein was concentrated to 10 mg/mL in 20 mM Tris HCl, pH 8.0, 200 mM NaCl, using Amicon 10 kDa MWCO filter (Millipore), and crystallized by mixing with equal volume of precipitant solution (1 μL each) using the sitting-drop vapor-diffusion technique. The HA tri-stalk crystals used for data collection were obtained at 2.0 M ammonium sulfate and 0.1 M Bis-Tris, pH 5.5. For data collection, the crystals were flash-frozen in liquid nitrogen, after brief soaking in a cryoprotectant containing reservoir liquor and 30% glycerol. Datasets were collected at MAX-lab beamline I911-3 (Lund University, Sweden).

The diffraction images were integrated with MOSFLM \[[@pone.0204776.ref021]\], and scaled using SCALA \[[@pone.0204776.ref022]\] from the CCP4i program suite \[[@pone.0204776.ref023]\]. The crystal structure of HA tri-stalk protein was solved by molecular replacement with PHASER \[[@pone.0204776.ref024]\], using the corresponding fragment of structure of influenza HA at the pH of membrane fusion as the search model \[[@pone.0204776.ref025]\]. Initially the model was generated in BUCCANEER \[[@pone.0204776.ref026]\]. The structure was manually adjusted and validated using the COOT software program \[[@pone.0204776.ref027]\] and refinement was carried out in REFMAC \[[@pone.0204776.ref028]\]. The HA tri-stalk 3D structure was visualized in PyMOL (The PyMol Molecular Graphics System, Version 1.8 Schrödinger, LLC). SSM-superimposition was carried out in COOT. Statistics for data collection and structure refinement are presented in [Table 1](#pone.0204776.t001){ref-type="table"}. Coordinates and structure factors are deposited in the Protein Data Bank with accession code 6GOL.
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###### Data collection and refinement statistics.

![](pone.0204776.t001){#pone.0204776.t001g}

  --------------------------------- --------------------------
  **Data collection and scaling**   
  Beamline                          I911-3
  Wavelength (Å)                    1.00000
  Space group                       P6~3~
  Unit cell parameters (Å)          a = b = 41.80, c = 90.12
  Resolution (Å)                    23.12--1.7 (1.79--1.7)
  Observations                      36458
  Unique reflections                9803 (1439)
  Completeness (%)                  99.7 (100)
  I/σ~I~                            10 (1.8)
  R~merge~                          0.063 (0.664)
  Multiplicity                      3.7 (3.7)
  **Refinement statistics**         
  R~work~                           0.17771 (0.322)
  R~free~                           0.21914 (0.320)
  Average B-value (Å^2^)            36.711
  Wilson B-value (Å^2^)             22.7
  Protein atoms                     538
  Waters                            57
  **RMSD from ideal geometry**      
  Bond length (Å)                   0.024
  Bond angles (°)                   2.009
  **Ramachandran outliers**         
  Residues in favored regions (%)   100
  --------------------------------- --------------------------

Mouse infection and immunization {#sec005}
--------------------------------

Female BALB/c mice were purchased from Harlan Laboratories, Inc., the Netherlands. All mice experiments were performed in accordance with protocols approved by the Animal Welfare Structure of Luxembourg Institute of Health and by the Minister of Agriculture, Viticulture and the Consumer Protection of the Grand Duchy of Luxembourg (Ref. LNSI-2014-02). All experiments with live influenza virus were performed in a biosafety level 3 (BSL-3) containment facility, and mice were kept in positive-pressured isocage system.

For virus infection, 10-week-old BALB/c mice (n = 8 mice/group) were infected intranasally with a sublethal dose (8×10^4^ half maximal tissue culture infectious dose; TCID50) of pandemic H1N1 influenza strain A/Luxembourg/46/2009 (pH1N1), A/Texas/36/91 seasonal H1N1 (sH1N1), A/Puerto Rico/8/34 H1N1 (PR8), A/Lux/01/2005 seasonal H3N2 (sH3N2), A/Aïshi/68 H3N2 (X-31), or B/Lee/40 virus in 50 μL phosphate-buffered saline (PBS), after anesthesia with isoflurane. We evaluated and weighed the mice every day at 10:00 AM for 14 days following sub-lethal infection, and no adverse or unexpected events were observed.

For immunization of mice, LAH domain-encoding sequence from pH1N1/09 strain was genetically fused to the N-terminus of bacteriophage PP7 coat protein gene separated by a short GSG-encoding linker, designated as LAH-PP7. This fusion gene was cloned and expressed as described for HA tri-stalk construct. The cells were disrupted in lysis buffer A by sonication and centrifuged at 18,000 × *g* for 30 min. Insoluble fraction was washed twice with lysis buffer and sonication repeated with the addition of 0.25 M urea in buffer A. After centrifugation, the soluble fraction containing LAH-PP7 fusion protein was loaded onto a Superdex 200 10/300 GL column in buffer A and target protein fractions were collected.

8-week-old female BALB/c mice (n = 8 mice/group) were vaccinated three times with 2-week interval intraperitoneally with 200 μL of 30 μg LAH-PP7 fusion protein, tri-stalk protein or PBS in aluminium hydroxide gel adjuvant (Brenntag Biosector, Denmark). One week after the final boost, mice were killed by intraperitoneal injection of 200 mg/kg of sodium pentobarbital. Blood and spleens were collected for HA tri-stalk protein based ELISA and ELISPOT assay, respectively.

Enzyme linked immunosorbent assay (ELISA) {#sec006}
-----------------------------------------

The indirect ELISA conditions were optimized by checkerboard titration using serial dilutions of HA tri-stalk protein tested against serial dilutions of positive and negative sera. Briefly, the HA tri-stalk protein was coated overnight at 4°C to 384-well microtiter plates (Greiner Bio-One GmbH, Austria) using concentrations of 0.156, 0.313, 0.625, 1.25, 2.5, 5.0 and 10.0 μg/mL. After washing, free binding sites were saturated at room temperature with 1% BSA in Tris buffer. After 2 h, plates were washed again and diluted mouse (starting with 100-fold dilutions) or human sera (starting with 300-fold dilutions) were added and incubated for 90 min at room temperature. Binding was assessed by alkaline phosphatase-conjugated goat anti-human IgG (1/1000 dilution, Southern Biotech, Birmingham, AL) and 4-nitrophenyl phosphate disodium salt hexahydrate (Phosphatase substrate, Sigma-Aldrich, Germany). Absorbance was measured at 405 nm (SpectraMax Plus 384 Microplate reader), after 60 min of incubation at 37°C. Sera from naïve mice and low-titer sera from young children served as negative controls.

3.5 μg/mL purified recombinant HA protein from A/Texas/36/1991 (HA H1/91) and A/California/4/2009 (HA H1/09, both purchased from Sino Biological Inc.) were coated respectively to the plates following the above ELISA protocol. Positive and negative control sera were used on all plates for normalization between plates.

Influenza-specific IgG response in mice immunized with LAH-PP7 was measured by indirect ELISA using the following purified recombinant group 1 and group 2 HA antigens: A/California/4/2009 (Cal09; H1), A/Japan/305/57 (JP57; H2), A/Perth/16/2009 (Perth09; H3), A/Swine/Ontario/01911-1/99 (Onta99; H4), A/Vietnam/1203/04 (VN04; H5), A/Netherlands/219/2003 (Neth03; H7), A/Hong Kong/1073/99 (HK99; H9), A/Jiangxi-Donghu/346/2013 (JX13; H10), A/mallard /Alberta/294/1977 (Alb77; H11), A/mallard/Astrakhan/263/1982 (Astrak82; H14), A/duck/AUS/341/1983 (AUS83; H15) and A/black-headed gull/Sweden/5/99 (SW99; H16), all purchased from Sino Biological Inc.

Enzyme-linked immunospot (ELISPOT) {#sec007}
----------------------------------

The numbers of Ab-secreting cells under stimulation by HA tri-stalk protein were counted using commercial mouse IgG1 and IgG2a single-color ELISPOT assay kits (Cellular Technology Limited, Cleveland, OH) as per the manufacturer's instructions. Freshly isolated splenocytes from mock or LAH-PP7 immunized mice were pre-stimulated for 4 days at 37°C in a 7% CO~2~ incubator, the cells were then transferred to capture Ab-coated polyvinylidene fluoride (PVDF) 96-well plates (5×10^5^ cells/well). Following incubation for 20--24 h at 37°C in a 5% CO~2~ incubator, the cell suspensions were removed. All wells were washed twice with PBS and twice with 0.05% Tween-PBS, anti-murine IgG1 or IgG2a detection solution was added, and the plates were incubated for 2 h at room temperature. After 3 washes with 0.05% Tween-PBS, tertiary solution (Streptavidin-alkaline phosphatase conjugate) was added at 80 μL per well for 1 h at room temperature. Following four more washes, 80 μL of blue developer solution (Substrate mix) was added for 15--20 min at room temperature in the dark to yield colored spots. Finally, the reaction was stopped by thoroughly rinsing with tap water. The plates were air-dried and stored in the dark until analysis. The number of spots was counted using the ImageQuant software (Molecular Dynamics, Sunnyvale, CA). The average number of spot-forming cells was adjusted to 1×10^6^ splenocytes.

Donors and serum samples {#sec008}
------------------------

Swine workers (SW) are defined in this study as persons whose professions involve direct contact with swine. 211 SW, including pig farmers, slaughterhouse workers and veterinarians, aged 18 to 94 years, were recruited to donate serum samples prior to the outbreak of pandemic H1N1/09 as described before \[[@pone.0204776.ref020]\]. Pre-pandemic sera from 71 non-swine workers (non-SW) were also collected as control. Informed consent was gathered from all participants enrolled. The study was approved by the National Ethical Committee for Research in Humans of the Grand Duchy of Luxembourg.

Microneutralization assay {#sec009}
-------------------------

Heat inactivated (30 min at 56°C) and receptor destroying enzyme (RDE, purchased from DENKA SEIKEN UK Ltd, Coventry, UK) treated sera were tested by microneutralization assay against influenza A/Luxembourg/43/2009 (H1N1/09) virus according to the World Health Organization (WHO) protocol (Serological Diagnosis of Influenza by Microneutralization Assay. WHO 2010). Equal volumes of serum and virus diluted to 2×10^3^ median tissue culture infective doses (TCID~50~) per milliliter were incubated for 1 h at 37°C. The mixture was added to a confluent layer of Madin-Darby canine kidney (MDCK) cells in 96-well tissue culture plates (1.5×10^4^ cells/well) and incubated for 20 h. After fixation with ice-cold 80% acetone in PBS for 15 min, anti-influenza A NP mouse monoclonal Ab (1:1000 dilution) was added to the monolayers for 1 h. Virus‐infected cells were detected using an alkaline phosphatase conjugated with anti-mouse second step Ab. The optical density value of half-maximal effective dose (EC50) was then determined by the following equation: \[(average OD~405~ of virus control wells) − (average OD~405~ of cell control wells)\]/2. The reciprocal serum dilution corresponding to EC50 is the 50% neutralizing Ab titer for the serum sample.

Statistical analysis {#sec010}
--------------------

GraphPad Prism software was used for statistical evaluation of data. One-way ANOVA followed by Holm\'s test was applied for statistical analysis (\*p\<0.01, \*\*\*p\<0.0001, \*\*\*\*p\<0.00001). Spearman correlation test was employed to determine correlations.

Results {#sec011}
=======

Purification of HA tri-stalk protein {#sec012}
------------------------------------

Our long-term research goal is exposition of the LAH region on virus-like particles (VLPs) in its native trimeric conformation. To assess structural and immunological properties of different LAH derivatives a number of constructs containing the LAH region have been compared for expression and solubility in *E*. *coli*. These peptides had the same C-terminus but differed by their N-terminal extensions. The stem peptide encoding HA amino acids 403--474 was the longest fragment (Mw = 8.5 kDa) which was efficiently produced in a soluble form and was selected for downstream applications as HA tri-stalk protein. For purification, we developed a fast and efficient method involving a combination of three chromatography steps: a weak anion-exchange, a strong anion-exchange and size-exclusion columns ([Fig 1A--1C](#pone.0204776.g001){ref-type="fig"}). Standard expression conditions generated high-levels of soluble tri-stalk protein ([Fig 1D](#pone.0204776.g001){ref-type="fig"}, lane 1). To simplify the purification procedure, the soluble protein mixture was subjected to thermal treatment at 55°C. As expected, a lot of contaminating proteins precipitated under these conditions while the majority of target protein remained in solution ([Fig 1D](#pone.0204776.g001){ref-type="fig"}, lane 2). Next, the protein solution was loaded on a weak anion exchange DEAE column. While the majority of contaminants passed through the column the tri-stalk protein was efficiently bound and eluted with \~200 mM salt ([Fig 1A and 1D](#pone.0204776.g001){ref-type="fig"}, lanes 3--4). The solution was then loaded on a strong anion exchanger MonoQ which further improved the purity of the tri-stalk protein ([Fig 1B and 1D](#pone.0204776.g001){ref-type="fig"}, lanes 5--6). Finally, protein was subjected to size-exclusion chromatography where two major peaks were observed ([Fig 1C](#pone.0204776.g001){ref-type="fig"}). Both peaks contained predominantly target protein, but only the first peak corresponded to the trimer size (Mw = 25.6 kDa) according to its elution volume, while the second peak seemed to contain non-assembled product and was discarded. The final product had at least 90% purity ([Fig 1D](#pone.0204776.g001){ref-type="fig"}, lanes 7--8) and was further used for structural and diagnostic studies.

![Purification of HA tri-stalk protein.\
Chromatography profiles of protein fractionation on DEAE FF (A), MonoQ (B) and Superdex (C) columns. Blue lines represent protein peaks while brown lines correspond to salt gradient. HA tri-stalk containing fractions are marked by red squares. (D) Coomassie-stained PAAG illustrating individual purification steps: 1 and 2, supernatant before and after thermal treatment, respectively; 3--4, DEAE column fractions; 5--6, MonoQ column fractions; 7--8, Superdex column fractions.](pone.0204776.g001){#pone.0204776.g001}

HA tri-stalk protein structure {#sec013}
------------------------------

The crystal structure of HA tri-stalk protein was solved to 1.7 Å resolution using molecular replacement technique. The space group was P6~3~ and the HA tri-stalk protein was found to be located on the crystallographic 3-fold axis. Therefore, the crystallographic asymmetric unit contained one protein molecule. The final model included a single protein chain with 65 residues and 57 water molecules. The first 3 N-terminal and 3 C-terminal residues were not included in the final model due to poor electron density.

The structure revealed that HA tri-stalk is an elongated trimer with the length of approximately 63 Å ([Fig 2A and 2B](#pone.0204776.g002){ref-type="fig"}). Each monomer consists of a long α-helix at the N-terminus, shorter antiparallel α-helix at the C-terminus, and a small flexible loop region on the surface of the protein connecting both helices. The end of the N-terminus extends away from the rest of the protein. The central long α-helices form a tripartite coiled coil with the short α-helices packing along them and forming a 6-helix bundle-like structure. The protein clearly matched the structure of the corresponding stem fragment of the native HA at its low pH-induced post-fusion conformation \[[@pone.0204776.ref025]\]. However, it displayed some minor deviations from the wild-type HA in the loop region and at the termini of the helices with Cα atom root-mean-square deviations (RMSDs) of about 0.94 Å (60 residues of one monomer were aligned) ([Fig 2C](#pone.0204776.g002){ref-type="fig"}).

![The structure of HA tri-stalk at pH 5.5.\
Side (A) and top (B) view on tri-stalk protein. Individual monomers are colored in red, green and yellow. (C) Structural alignment of HA tri-stalk protein (blue) with the corresponding stem fragment of native post-fusion HA (grey) (PDB code 1HTM, residues 63 to 127). Only matching sequence length is shown for clarity.](pone.0204776.g002){#pone.0204776.g002}

HA tri-stalk reactive Abs in influenza virus infected mice {#sec014}
----------------------------------------------------------

In order to set up the optimal condition using HA tri-stalk protein as a coating antigen in indirect ELISA for the detection of seroreactivity to HA stem, the checkerboard titration method was conducted using sera from mice immunized with LAH-PP7 fusion protein (see [Materials and methods](#sec002){ref-type="sec"}) as positive samples and naïve mouse sera as negative controls. Optimal signal to noise (S/N) ratio was found with 1.25 μg/mL coated HA tri-stalk protein and serum dilution of 1:2700 (S/N ratio = 36, [Fig 3A](#pone.0204776.g003){ref-type="fig"}). The LAH-PP7 construct was originally designed to expose LAH peptide on the surface of bacteriophage PP7 shells in a form of natural trimer. Although we failed to detect the formation of VLPs, expression of this chimeric construct resulted in formation of soluble protein aggregates ([S1 Fig](#pone.0204776.s001){ref-type="supplementary-material"}) capable to induce strong seroconversion to both group 1 and group 2 HA antigens in mice ([S2 Fig](#pone.0204776.s002){ref-type="supplementary-material"}), which makes LAH-PP7 fusion protein particularly suitable to assess HA stem-specific Ab responses in mice.

![HA tri-stalk specific seroreactivity in mice.\
(A) Serial dilutions of HA tri-stalk protein (0.15625, 0.3125, 0.625, 1.25, 2.5, 5.0 and 10.0 μg/mL) tested against 1:2700 dilution of sera from LAH-PP7 vaccinated mice or naïve mice. (B) Total IgG ELISA was used to determine the HA tri-stalk specific seroreactivity induced by vaccination with LAH-PP7 or by sublethal infection (s.i.) of A/Luxembourg/46/2009 pandemic H1N1 (pH1N1), A/Texas/36/91 seasonal H1N1 (sH1N1), A/Puerto Rico/8/34 H1N1 (PR8), A/Lux/01/2005 seasonal H3N2 (sH3N2), A/Aïshi/68 H3N2 (X-31), or B/Lee/40 virus. Total HA tri-stalk specific IgG titers were assayed in sera after the third immunization with LAH-PP7 or after 2 weeks post sublethal virus infection. (C) Comparison of HA tri-stalk specific IgG endpoint titers (n = 8 mice/group; \*\*p\<0.001, \*\*\*\*p\<0.00001).](pone.0204776.g003){#pone.0204776.g003}

These ELISA conditions were then used to determine the HA tri-stalk specific total IgG titer in sera (3-fold dilutions from 1:300, to 1:218700) from mice vaccinated with LAH-PP7 or sublethally infected (s.i.) by pH1N1, sH1N1, PR8, sH3N2, X-31, or B/Lee/40 virus ([Fig 3B](#pone.0204776.g003){ref-type="fig"}). As expected, vaccination with LAH-PP7 induced significantly higher level of HA tri-stalk specific total IgG comparing to sublethal infection by viruses of all the tested strains ([Fig 3B and 3C](#pone.0204776.g003){ref-type="fig"}). Nevertheless, mice s.i. by group 1 viruses pH1N1 or PR8 showed significantly higher levels of HA tri-stalk specific IgG than the animals s.i. by the other viruses ([Fig 3C](#pone.0204776.g003){ref-type="fig"}). Mice s.i. by strains with group 2 (sH3N2 and X-31) or B/Lee/40 virus exhibited no seroreactivity with HA tri-stalk protein ([Fig 3C](#pone.0204776.g003){ref-type="fig"}).

HA tri-stalk reactive Ab-secreting cells in mouse splenocytes after vaccination {#sec015}
-------------------------------------------------------------------------------

To evaluate HA tri-stalk specific Ab-secreting B cells induced by vaccination, BALB/c mice were immunized 3 times i.p. with LAH-PP7 fusion protein that induced high levels of humoral immunity against LAH domain of HA stem as described above. Two weeks after the last immunization, the splenocytes were stimulated *ex vivo* with HA tri-stalk protein. HA tri-stalk reactive Ab-secreting cells were enumerated by ELISPOT assay ([Fig 4A](#pone.0204776.g004){ref-type="fig"}). Visually distinct populations of IgG1- and IgG2a- secreting B cells were detected after HA tri-stalk protein stimulation in the vaccinated but not in the mock mice. Although in LAH-PP7 vaccinated mice the IgG1-secreting cells formed larger immunospots than the IgG2a-secreting cells ([Fig 4B](#pone.0204776.g004){ref-type="fig"}), there was no significant difference in absolute numbers between both isotype subclasses ([Fig 4C](#pone.0204776.g004){ref-type="fig"}). The vaccinated mice showed significantly (up to 10 times) higher numbers of both IgG1- and IgG2a-secreting cells after HA tri-stalk immunization than the mock mice ([Fig 4C](#pone.0204776.g004){ref-type="fig"}). This further supports the value of HA tri-stalk protein for monitoring vaccine-induced memory B cell responses against the stem domain.

![Detection of HA tri-stalk specific memory B cells.\
(A) ELISPOT assay workflow. (B) Representative pictures of spot-forming IgG1- or IgG2a-secreting cells in mice injected with PBS (mock) or LAH-PP7 fusion protein. (C) Comparison of total IgG1- and IgG2a-secreting B cells under stimulation by HA tri-stalk protein in the spleen of mice from mock and LAH-PP7 vaccinated groups (n = 8 mice/group; \[[@pone.0204776.ref029]\], \*\*\*\*p\<0.00001).](pone.0204776.g004){#pone.0204776.g004}

Pre-pandemic HA tri-stalk specific Abs in SW {#sec016}
--------------------------------------------

The newly developed indirect ELISA using the purified HA tri-stalk protein as a coating antigen was further applied to examine human seroreactivity to HA stem (as described in the Materials and methods). The mean OD of the negative sera was found 0.2115, +/- 0.1251 (SD), and the cut-off point of 0.5868 was calculated as the mean of the negative control sera plus three SD. Sera with an OD \>0.5868 were classified as seropositive. A total of 147 of 211 (70%) pre-pandemic SW sera were considered positive for HA stem-specific Abs, whereas only 30 of 71 (42%) pre-pandemic sera from non-SW showed positive for HA stem-specific Abs ([S3 Fig](#pone.0204776.s003){ref-type="supplementary-material"}). Interestingly, there was a strong correlation between HA stem-specific IgG titer and HA H1/09 IgG titer in these pre-pandemic sera ([Fig 5A](#pone.0204776.g005){ref-type="fig"}).

![HA tri-stalk specific Abs and neutralizing Abs against pandemic H1N1/09 virus in human.\
(A) Correlations between HA tri-stalk specific Abs and HA H1/09 specific Abs. Sera with an OD \>0.5868 (dotted line) were classified as seropositive to HA tri-stalk. (B) Correlations between H1N1/09 microneutralization Abs and Abs to HA H1/09. (C) Correlations between H1N1/09 microneutralization Abs and HA tri-stalk specific Abs. (D) Correlations between H1N1/09 microneutralization Abs and Abs to HA H1/91 (A/Texas/36/1991).](pone.0204776.g005){#pone.0204776.g005}

We observed a stronger correlation between HA tri-stalk specific IgG titer and HA H1/09 IgG titer ([Fig 5A](#pone.0204776.g005){ref-type="fig"}, Spearman r = 0.4999, p \< 10^−4^). These results indicate that already before the pandemic (H1N1) 2009 virus had spread to Western Europe, substantial levels of cross-reactive Abs against HA stem and HA H1/09 could be detected in humans with professional contact to swine.

Furthermore, we tested the SW for neutralizing Abs against influenza A/Luxembourg/43/2009 (H1N1/09) virus. Significant correlations were observed between H1N1/09 neutralizing titers with HA H1/09 IgG titer ([Fig 5B](#pone.0204776.g005){ref-type="fig"}, Spearman r = 0.2538, p = 0.0002) as well as with HA stem-specific IgG titer ([Fig 5C](#pone.0204776.g005){ref-type="fig"}, Spearman r = 0.1601, p = 0.0209). Whereas, IgG levels to HA of a pre-existing seasonal H1N1 virus, A/Texas/36/1991, showed no correlation with H1N1/09 neutralizing titers ([Fig 5D](#pone.0204776.g005){ref-type="fig"}, Spearman r = 0.1128, p = 0.1066). These observations in SW indicate that pre-pandemic Ab levels to HA tri-stalk protein also translated into neutralizing activities against H1N1/09 virus.

Discussion {#sec017}
==========

In this study, we have focused on the structure and applications of a novel HA tri-stalk protein comprising LAH region which has attracted much attention as a potential universal influenza vaccine component \[[@pone.0204776.ref016]--[@pone.0204776.ref019]\]. *E*. *coli* expressed tri-stalk protein can be purified to near homogeneity using a convenient three-step chromatography method. Structural data revealed that tri-stalk protein folding closely matches the native HA post-fusion conformation. This is in line with a previous study where HA2 polypeptide 38--175 was also *E*. *coli* expressed in post-fusion form \[[@pone.0204776.ref030]\]. Our tri-stalk protein is significantly shorter and corresponds to HA2 amino acids 59--130. In contrast to polypeptide 38--175 being able to resist incubation at 68°C some portion of tri-stalk protein was found unassembled already after heating at 55°C indicating that the lack of internal cysteines negatively affects its thermostability ([Fig 1C](#pone.0204776.g001){ref-type="fig"}). Nevertheless, the outcome of assembled tri-stalk protein using our purification method is estimated at about 5 mg/g of wet cells which makes it attractive for downstream immunogenicity and antigenicity studies and co-crystallization for structural and immunological analysis.

Since the discovery of broadly neutralizing Abs against HA stem \[[@pone.0204776.ref008]\] a number of attempts have been performed to construct universal stem-based influenza vaccines. One direction of investigations is targeted to design the trimeric mini-stem constructs being able to bind conformational Abs and protect mice from lethal influenza virus challenge \[[@pone.0204776.ref031]--[@pone.0204776.ref032]\]. The constructs described are notably longer than tri-stalk protein and contain either intermolecular disulfide bridge, or trimerization (foldon) motif to stabilize the structure. At this stage, our aim was not to outperform these proteins in terms of protection, but to produce an alternative variant in a cost-effective way to be applied in several immune assays for evaluating the future universal vaccine-induced response. While tri-stalk protein is only 72 aa long, it is promising candidate for exposition on the surface of VLPs which is a highly powerful platform for vaccine construction. Incorporation of the LAH within the major immunodominant loop of the hepatitis B core protein allows formation of chimeric VLPs \[[@pone.0204776.ref017]--[@pone.0204776.ref019]\], however, anchoring of both LAH ends prevents folding of native trimeric conformation. Nevertheless, this strategy led to strong seroconversion to both HA group antigens in mice \[[@pone.0204776.ref018]\] while immunization with tri-stalk protein alone generated Abs only against homologous group HA antigen ([S4 Fig](#pone.0204776.s004){ref-type="supplementary-material"}). Ideally, both approaches should be combined to obtain possible synergistic effect. Genetic fusion of LAH-encoding sequence with N- or C-termini of a carrier protein gene would theoretically allow such assembly. Among large variety of carriers coat proteins of small RNA phages organized in simple *T* = 3 symmetry particles offer an attractive scaffold for exposition of trimeric proteins in their native form, since N- and C- terminal ends of the phage coat protein are arranged closely around quasi-threefold axis of *T* = 3 particle. Although we failed to expose LAH peptide on the surface of PP7 VLPs ([S1 Fig](#pone.0204776.s001){ref-type="supplementary-material"}), it could be speculated that this chimeric protein at least partially assembles in trimeric structures capable to elicit potent immune responses ([S2 Fig](#pone.0204776.s002){ref-type="supplementary-material"}). This assembly is, however, hard to prove due to irregularity of LAH-VLP aggregates ([S1 Fig](#pone.0204776.s001){ref-type="supplementary-material"}).

Although HA stem is closely packed to the viral membrane and therefore partly covered by the head domain, the majority of conserved region is accessible to anti-stem Abs \[[@pone.0204776.ref033]\]. However, immune responses post-infection and post-vaccination are mainly targeted to the immunodominant HA head region \[[@pone.0204776.ref011]\]. Accordingly, it is well established that anti-stem Abs are normally not found in individuals vaccinated with seasonal inactivated influenza virus vaccines whereas low levels of these Abs are induced by natural virus infection in humans as well as in mice \[[@pone.0204776.ref034]\]. In contrast, infection of individuals with 2009 pandemic H1N1 virus induced high levels of stem-reactive Ab responses \[[@pone.0204776.ref035]\]. Cross-reactive immunity derived from anti-stem-specific Abs also tends to increase upon exposure to antigenically diverse influenza viruses \[[@pone.0204776.ref036]\], \[[@pone.0204776.ref008]\]. Swine play a particular role in cross-species transmission of diverse influenza viruses because they are susceptible to both avian and human influenza viruses and can act as "mixing vessel" for reassortment of viral gene segments \[[@pone.0204776.ref037]\]. Previous study showed that, before the outbreak of the pandemic H1N1 2009, persons with professional contact with swine obtained higher serological cross-reactivity with various influenza viruses, including pandemic H1N1 2009 virus, European avian-like subtype H1N1 SIV, and 2007--2008 seasonal influenza subtype H1N1 virus \[[@pone.0204776.ref020]\]. We therefore hypothesize that these SW harbor pre-existing cross-immunity against various influenza strains, possibly mediated by Ab targeting to conserved viral epitopes, like the HA stem. Indeed, using tri-stalk protein based ELISA to determine the binding of the cross-reactive Abs in these pre-pandemic sera, the results show that Abs targeting the tri-stalk epitope significantly correlate with the Abs specific to the novel antigen, HA H1/09. In addition, tri-stalk specific Abs also have a positive correlation with the neutralizing activities against the pandemic H1N1 2009 virus.

Conclusion {#sec018}
==========

Altogether, our results demonstrate that the novel HA tri-stalk protein, which comprises of the HA LAH region, can be applied in various immunological assays to determine HA stem-specific humoral responses in both clinical and animal samples. The conserved feature of LAH domain makes the HA tri-stalk protein a promising tool for evaluation of pre-existing or cross-reactive immunity to a newly emerged influenza viruses.
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###### Purification of LAH-PP7 fusion protein.

\(A\) Coomassie-stained PAAG illustrating individual purification steps. Lane 1, summary expression; lane 2, supernatant; lane 3, urea extract loaded onto Superdex column; lane 4, peak protein fraction from Superdex column. (B) Size-exclusion chromatography profile and (C) Electron microscopy indicating aggregation of target protein.
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Click here for additional data file.

###### The cross-reactivity of mouse sera.

\(A\) Reactivity with group 1 HA proteins (H1, H2, H5, H9, H11 and H16). (B) Reactivity with group 2 HA proteins (H3, H4, H7, H10, H14 and H15). Mice were immunized with LAH-PP7 fusion protein or adjuvant alone (mock). The panels show the mean and standard deviation of the optical density at 405 nm of the sera from 10 mice per group.
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Click here for additional data file.

###### Comparison of HA tri-stalk ELISA results between SW and non-SW.

HA tri-stalk specific seroreactivities were evaluated in pre-pandemic sera from 211 SW and 71 non-SW.
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Click here for additional data file.

###### Comparison of Ab responses after vaccination of LAH-HBc VLPs \[[@pone.0204776.ref018]\] and tri-stalk protein.
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Click here for additional data file.

###### Full wwPDB X-ray structure validation report.
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Click here for additional data file.

###### The ARRIVE guidelines checklist.
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Click here for additional data file.
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